Metastable paramagnetic face-centered cubic (fcc) Fe films grown on a Cu(100) single crystal at room temperature can be transformed to the ferromagnetic body-centered cubic (bcc) structure by ion irradiation. We have employed this technique to write small ferromagnetic patches by Ar þ irradiation through a gold coated SiN mask with regularly arranged 80-nm diameter holes, which was placed on top of the as-prepared fcc Fe films. Nanopatterning was performed on both 8-monolayer (ML) Fe films grown in ultrahigh vacuum as well as 22-ML films stabilized by dosing carbon monoxide during growth. The structural transformation of these nano-patterned films was investigated using scanning tunneling microscopy. In both 8 and 22-ML fcc Fe films, the bcc needles are found to protrude laterally out of the irradiated part of the sample, limiting the resolution of the technique to a few 10 nm. The magnetic transformation was confirmed by magnetic force microscopy.
I. INTRODUCTION
The recent technological advancement in nanoscience has improved our ability to produce and understand structures in the nanometer dimensions. The need for miniaturization of devices has been growing ever since, and tremendous efforts have been carried out to develop this field. Limiting ourselves to magnetic nanostructures, applications range from patterned storage media [1] [2] [3] [4] (requiring hard-magnetic materials) to magnetic flux guides (soft magnetic, e.g., flux concentrators for magnetic-field sensors 5 ). Reproducibility of the nanostructures is of fundamental importance. Bottom-up methods, based on self organization at the nanoscale [6] [7] [8] or defect lattices serving as templates 9, 10 have the advantage of simplicity and fast (parallel) patterning of large areas, but are not suitable for most devices, as the control over the structures is very limited. In contrast, the top-down approach offers writing arbitrary structures and long range order, which is required for designing devices. Top-down techniques include optical (ultraviolet) or electronbeam lithography and focused-ion-beam (FIB) 11, 12 methods. These lithography techniques have the disadvantage of a rather complex multistep process (coating, exposure, developing, and resist removal after the processing step), while conventional focused-ion-beam techniques have the disadvantage of serial writing, which results in low throughput. Ion-beam lithography can also be employed as a parallel process, 13, 14 eliminating all these disadvantages, making ionbeam induced processes a promising candidate for future nanotechnology applications.
Fe on Cu(100) has been a well-studied system for several decades, still presenting new and interesting aspects to explore. We here employ the metastable face-centered cubic (fcc) structure. This structure occurs in the thickness range known as range II, between 4 and 10 monolayers (ML), for films grown in ultrahigh vacuum (UHV) at room temperature. [15] [16] [17] [18] In these films, small needle-shaped body-centered cubic (bcc) crystallites may occur, 19 but they are very rare. Range-II films are paramagnetic at room temperature (RT). Only below RT, a (2 Â 1) or (2 Â 2) p4g surface reconstruction is observed and forms a ferromagnetic so-called "magnetic live layer". 16, [20] [21] [22] [23] Films with more than 10 ML thickness transform to the ferromagnetic bcc structure with Pitsch orientation. 19, 24 In this orientation, one set of fcc{100} and bcc{110} planes are parallel to each other, and also one of the fcc<110> nearest neighbor directions matches a bcc<111> nearest neighbor direction in that plane. The fcc ! bcc transformation can be delayed by growing the films while dosing CO or other gases, resulting in metastable fcc films of more than 20 ML thickness. 25, 26 We have already shown that the fcc ! bcc (and, hence, paramagnetic ! ferromagnetic) transformation of the range-II films can be induced by Ar þ ion irradiation for both 8-ML films grown in UHV 27 as well as 22-ML films stabilized by CO. 28 In these studies, we could not or only roughly explore the feasibility of this method for nanopatterning due to insufficient lateral resolution, and the lateral resolution of this magnetic nanopatterning technique using ions remains unexplored.
The current paper answers this question and, in addition to that, it presents an ion nano-patterning method using a mask, which is an easy-to-handle and a cost-effective experimental method for any UHV system.
II. EXPERIMENTAL SETUP AND PREPARATION
All experiments were carried out in an ultrahigh vacuum system, which consists of two chambers: the preparation chamber and the analysis chamber. The preparation chamber, equipped with an Ar þ ion source for sputtering, an electron-beam heating stage for annealing, and electron-beam a)
Author to whom correspondence should be addressed. Electronic mail: schmid@iap.tuwien.ac.at. evaporators, has a base pressure below 10 À10 mbar, as measured with a Penning gauge. The analysis chamber contains a customized commercial scanning tunneling microscope (STM; Omicron l-STM) operated in constant current mode with an electrochemically etched W tip. Auger electron spectroscopy (AES) was performed with a cylindrical mirror analyzer with a concentric electron source and used to verify the cleanliness of the Cu substrate and Fe films as well as the correct thickness of the films. The chamber also includes the instrumentation for x-ray photoelectron spectroscopy (XPS) and low energy ion scattering (LEIS) as well as a quadrupole mass spectrometer used to measure residual gas composition. The typical pressure in this chamber was below 5 Â 10 À11 mbar, measured by a Bayard Alpert gauge.
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The Cu(100) crystal was cleaned by sputtering using 2 keV Ar þ ions (I sample ¼ 2 lA, typically 30 min) and annealing (520 C, 10 min). A few sputtering/annealing cycles resulted in large flat Cu terraces with widths around 100 nm. The Fe films were evaporated from tips of Fe rods (2 mm thick, purity 99.99þ %) heated by electron bombardment. For growing clean 8-ML Fe films, we used rods annealed in hydrogen to reduce the oxygen content of the iron. The deposition rate of typically 1 ML/min was calibrated by placing a quartz crystal microbalance at the sample position. To suppress high-energy ions, which may modify the growth mode of the films, 29 we have applied a retarding voltage of þ1.5 kV to a cylindrical electrode in the orifice of the evaporator (the so-called "flux monitor" electrode), repelling the ions, which cannot have an energy higher than that given by the voltage of the rod (1-1.2 kV). During Fe deposition, the pressure in the UHV chamber was below 1 Â 10 À10 mbar unless additional CO gas was dosed to prevent the fcc-to-bcc transformation in thicker Fe films.
The ion beam for the fcc ! bcc transformation was created by a VG AG-6 ion source and directed at the mask and sample at perpendicular incidence. Due to the small source size (ionization volume < 1 mm 3 ) and large distance (% 430 mm) from the focusing lens to the sample, the ion beam at the sample surface is highly collimated. During ion bombardment, the Ar pressure in the chamber was 9 Â 10 À7 mbar, so we have to consider scattering of Ar þ ions by Ar gas atoms. We assume that scattering by an angle of less than 0.2 has not much influence on the beam quality because this angle is only barely above the angular spread of the beam. We can also neglect large scattering angles (above % 3 ) because this would require scattering close to the mask (low scattering probability within this short distance) and the cross section decreases with increasing scattering angle. At a pressure of 10 À6 mbar, the mean free path of the ions is approximately 300 m until a deflection between 0.2 and 3 occurs. Only a small fraction of the ions scattered by the gas atoms in this angle range will actually hit the mask. Thus, the fraction of ions (or atoms, if neutralized in the collision) passing the mask with an angle differing from that of the well-collimated beam due to scattering will be low, below 10
À3
. The time-averaged ion flux was measured with a Faraday cup biased at þ27 V to eliminate the influence of secondary electrons on the current measurement. The typical ion flux was 10 12 cm À2 s
À1
.
The SiN mask was manufactured by FIB in Hamburg. 30, 31 The entire mask (membrane plus carrier) is 5 mm Â 5 mm large and the SiN membrane (100 nm thick plus 30 nm gold coating) is 500 lm Â 500 lm [ Fig. 1(a) ]. It has 80-nm wide holes, forming a square lattice with 1 lm spacing and 100 Â 100 lm 2 size. The whole mask contains 3 Â 3 such hole arrays [ Fig. 1 
. The SiN mask was glued to the bottom of a Cu cone having a 2 mm hole in the center. Figure 2 (a) shows the schematic view of the experimental setup in the vacuum: the cone is lowered until the mask touches the surface of the Fe-coated Cu crystal. As the holes were eroded by the FIB from the side facing the Fe/Cu sample, the sidewalls of the holes, if not perfectly parallel, are overhanging. Thus, the Ar ion beam in our experiment cannot impinge on the sidewalls, which means that the sample cannot be contaminated by sputtered mask material. Also, the copper cone holding the mask was designed such that sputtered material from it cannot reach the sample.
The mask is not in contact with the film surface at every point on the Cu crystal due to uneven crystal surface, which is due to roughness remaining after the polishing and defects in the crystal introduced by many annealing cycles. Assuming typical values, 10 lm distance between the mask and the sample and collimation of the beam within 0.2 , the beam gets widened by 35 nm on the Fe/Cu surface.
As the mask is much smaller than the Cu crystal, we irradiated the crystal in two rows, with 5-7 positions in each row (rows and irradiation positions within the rows were separated by 0.5 mm distance) to increase the probability to find the irradiated area by STM. Nevertheless, the total ion dose on the mask was low enough to prevent significant damage of the mask; we estimate that % 30 nm SiN was sputtered over the course of all our experiments, much less than the thickness of the SiN layer (100 nm). Finally, the irradiated nano-patterned fcc Fe film, schematically shown in Fig. 2(b) , was transferred to the STM position.
III. RESULTS AND DISCUSSION
The fcc ! bcc transformation of the 8-ML fcc Fe films was carried out with Ar þ ion irradiation at 1 keV, which gave the best transformation results for 8-ML fcc Fe films, as reported by Rupp et al. 27 AES was used to examine the cleanliness of the fcc Fe films, showing an oxygen-to-iron ratio of the Auger peak-to-peak heights below 4% after preparation. The film was irradiated through the mask with 1 keV Ar þ ion doses of 0. . These values correspond to 0.3 and 1.6 ions per surface atom, respectively. The STM images of the patterned 8-ML fcc Fe film are shown in Fig. 3 . The inset shows the surface of the as-grown 8-ML fcc Fe film, indicating almost perfect layer-by-layer growth with rounded islands and no bcc needles. 27 For the lower dose of 0.5 Â 10 15 cm
À2
, the irradiated areas (arrows) cannot be easily discerned in the overview scans [ Fig. 3(a) ]. The bcc areas are more obvious after irradiation with the higher dose of 2.5 Â 10 15 cm À2 [ Fig. 3(b) ]. Figures 4(a) and 4(b) show magnified views of the irradiated areas for the two different ion doses; Fig. 4(c) is a detail at the edge of the irradiated area in (a). The size of the hole in the mask is marked with a dotted circle for visual guidance. At the higher ion dose [ Fig. 4(b) ], the size of this circle roughly agrees with the area having a reduced thickness due to sputtering (dark); at the lower ion dose, sputtering is insufficient to be clearly detected (with a sputter yield of Y ¼ 2, only % 0.7 ML are removed).
The STM images also show areas transformed to the bcc structure, which can be recognized by their elongated shape (oriented along the close-packed [011] and [0 11] directions) and larger height due to 5-10% larger interlayer distance of bcc Fe (110) with respect to fcc(100).
19,27 Figure 4 (d) confirms the bcc nature of these elongated "needles"; it shows one of the bcc needles extending out from a sputtered area, as seen in Fig. 4(b) . Although the atomic lattice in Fig. 4(d) is not that of Fe but rather a (2 Â 2) superstructure (probably due to residual oxygen), the square fcc(100) lattice and the bcc(110) lattice with 74 6 1 bond angle can be clearly discerned. This is close to the angle of 75 for unrelaxed bcc needles, i.e., bcc needles that still have the same distance of the atomic rows, as in the Cu(100) substrate and the neighboring fcc(100) Fe areas. 15, 19 Due to the higher surface roughness inside the irradiated areas, there we could not take atomically resolved images to determine whether the bcc structure in these areas is relaxed to the bulk bcc lattice or not, but the elongated island shapes and larger apparent height than the surrounding [at least for the low ion dose in Figs. 2(a) and 2(c) ] clearly indicate that these areas are at least predominately bcc. At the low ion dose of 0.5 Â 10 15 cm
, we observe that the irradiated area (broken circle) is not fully transformed; some obviously unmodified fcc regions reach about 15 nm inside this zone. On the other hand, some bcc needles extend out of the irradiated area, especially at the high ion dose. We also note an increased roughness around the hole area, with small monolayer-deep pits and small adatom islands [arrows in Fig. 4(a) ]. These features are absent far from the irradiated area. Also, other nearby spots showed the same features. This indicates that the boundary between the irradiated and the untreated area was not sharp in this experiment, possibly due to a particularly large distance between the mask and the surface.
For the high-dose experiment [ Fig. 4(c) ], we do not observe any indications of sputtering beyond the areas transformed to bcc. This indicates that the boundary between the irradiated and unirradiated area must have been rather sharp and the density of stray ions impinging outside must be rather low, in agreement with our estimate presented above. Nevertheless, the typical length of bcc needles outside the sputtered area is up to approx. 100 nm, and the border between the fcc and bcc areas is not sharp. ions. 28 Again, we have chosen the optimum energy for the fcc ! bcc transformation of these films; the ion dose of 1.0 Â 10 15 cm À2 was almost twice the saturation dose. The surface of the as-grown film [inset in Fig. 5(a) ] shows layerby-layer growth with rectangular step edges and no transformation. The irradiated spots [ Fig. 5(a) ] are clearly visible in the overview images, which can be explained by the larger height difference between bcc and fcc areas compared to the 8-ML films. The magnified image of the transformed region [ Fig. 5(b) ] shows dark and bright areas, very similar to the previous results with uniform irradiation of the films, with a width of the bright bcc areas between 5 and 15 nm. 28 As described previously, 28 the dark areas between and around the bright bcc areas are not fcc, but also bcc, as evidenced by the wedge-like structures typical for the Pitsch orientation of bcc Fe [ Fig. 5(c) ]. 24 Similar to the 8-ML films, the bcc area is significantly larger than the size of the hole in the mask (dotted circle).
The fcc-bcc border is far from circular, with bcc fingers extending out of the marked circle. Again, the fcc areas between these bcc fingers show no evidence of ion irradiation.
In both the 8-ML and the 22-ML films, the growth of the ferromagnetic bcc structure outside the irradiated areas limits the resolution of the nanopatterning process. For the 8-ML films, we have shown that the spatial resolution is better at the lower ion dose of 0.5 Â 10 15 cm À2 than far above the threshold dose, even though the irradiated area had no sharp boundary in the 8-ML experiment. This effect is similar to conventional lithography techniques: in photolithography, the irradiation has no sharp borders due to diffraction; in electron lithography, electron backscattering leads to a halo of weaker irradiation surrounding the electron beam. 32 Overexposure thus leads to enlargement (blooming) of the area receiving sufficient exposure.
In our case, we need not care about lateral spreading of the ions in the sample (SRIM calculations 33 give a lateral spreading of only 0.7 nm for 1 keV and 1 nm for 2 keV ion energy). As mentioned previously, we have to care much more about factors limiting the sharpness of the irradiation pattern. The Cu crystal is not perfectly flat, thus the mask touches the surface in only a few points and will have a distance of a few micrometers from the surface in most places. For the well-collimated part of the ion beam, this implies that the edge of the mask will be projected onto the surface with slight blurring, the transition between the unirradiated and irradiated area should be much smaller than the hole diameter in most cases [ Fig. 4(a) obviously being an exception]. As mentioned above, there is also a halo of badly collimated ions or atoms due to gas-phase scattering, with an intensity 10 À3 of the main beam. If these stray ions or atoms are distributed over a larger surface area than the hole diameter in the mask, the flux will be further reduced by a factor corresponding to the area spread. The low flux of stray ions is also confirmed by the absence of any signs of sputtering (roughness, vacancy, or adatom islands) outside the hole area in Figs. 4(b) and 5(b,c) . Thus, even for the case of the high-dose irradiation shown in Fig. 4 (b) and 4(d), the flux of stray ions outside the projected hole area will be far below 1% of the saturation dose for the fcc ! bcc transformation. We have discussed previously that ion-induced nucleation of a bcc nucleus is a very rare event, 28 which clearly rules out nucleation of new bcc nuclei by stray ions. The situation may be different for growth of already existing nuclei, however: previous experiments have shown bcc needles with % 400 nm length already at an ion dose of 1.9 Â 10 13 cm
. 27 Assuming linear growth of the bcc needles with ion dose, this would correspond to about 20 nm needle growth with the maximum dose of stray ions conceivable for Fig.  4 (b) (% 2 Â 10 12 cm
). The actual length of the bcc needles beyond the hole area, i.e., in the area where only stray ions may impinge on the surface, is much larger, however (% 100 nm). This difference does not invalidate our view of the stray ions being at least partly responsible for the growth of the bcc needles beyond the area of the hole in the mask: the bcc needles are not independent of their surrounding; the lattice distortion induced by a local fcc ! bcc transformation will facilitate the transformation in nearby regions. Of course, the same mechanism will also occur without stray ions, i.e., some of the bcc needles will grow spontaneously beyond the sputtered area, similar to the (rare) spontaneously formed bcc needles in metastable unirradiated films. 19 The strain field caused by ion impact and by the fcc ! bcc transformation in the main irradiated area may also contribute to this effect. Due to the rather thin films [1.4 nm for 8 ML Fe/Cu(100)], the strain should be negligible at lateral distances of tens of nanometers or more, so it will promote the fcc ! bcc transformation only in a close vicinity of the source of the strain.
Finally, to verify the ferromagnetic character of the regions transformed to the bcc structure, we conducted a magnetic force microscopy (MFM) measurement on the nano-patterned surface. Due to the soft-magnetic character of the films, 27 a high-coercivity MFM tip was used. MFM images were acquired with the tip lifted 50 nm above the mean tip height in the previous intermittent-contact scan line; when taking the vibration amplitude into account, this corresponds to an average tip height of % 100 nm above the surface. For the MFM images, a sample with 8 ML fcc Fe/Cu(100) was irradiated through the mask with 0.5 Â 10 15 ion/cm 2 Ar þ ions at 1 keV. Thereafter, the sample was coated with a 2-nm Au film [corresponding to 8 ML Au(111)] to protect it against oxidation during the MFM measurements at ambient conditions. Figure 6 shows an MFM image of this sample, where two ferromagnetic spots separated by a distance of 1 lm are seen. The apparent diameter of the spots (at 50%-levels) is about 150 nm, more than what would be expected from the typical size of the bcc area found by STM [cf. Figure 4(a) ]. We consider it likely that this is broadening due to the finite resolution of the MFM, determined by the size of the tip and the tip-sample distance.
On the other hand, the resolution is somewhat better than that of the MFM data obtained in the previous work by Rupp et al., 27 where 0.11-lm spots with 0.11 lm distance in between were hardly seen as separate maxima. We therefore believe that the limited resolution in this work was not only due to the MFM, but also due to other limitations. A prime candidate is the limited depth of focus of the ion lithography machine used in Ref. 27 , which strongly affects the resolution on the uneven Cu single crystal.
IV. CONCLUSIONS
We have described an in situ magnetic nanopatterning method for fcc Fe films grown on Cu(100) in ultra high vacuum. Eight and 22-ML fcc Fe films were irradiated by Ar þ ions through the SiN mask. Structural analysis of these nanopatterned surfaces was conducted by STM, and MFM was conducted on a gold-coated fcc Fe film. We could show that the irradiated areas are transformed to the ferromagnetic bcc structure, but there are also bcc needles emanating from the main irradiated area. This effect might be partly due to stray ions, but also strain-induced growth of the bcc needles in the metastable fcc films is expected to play a role. The formation of these bcc areas limits the resolution of the nanopatterning method. When overexposure is avoided, there are hardly any bcc needles extending by more than 20 nm from the border of the irradiated area in the 8-ML films. The resolution is somewhat lower for the 22-ML films grown in CO, where a spread of % 40 nm of the fcc-bcc border was obtained.
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